Fever in influenza results from the release of endogenous pyrogen (EP) following virus-phagocyte interaction and its level correlates with the differing virulence of virus strains. However, the different levels of fever produced in ferrets by intracardial inoculation of EP obtained from the interaction of different virus strains with ferret or human phagocytes did not correlate with the levels ofinterleukin 1 (IL-1), IL-6 or tumour necrosis factor in the same samples as assayed by conventional in vitro methods. Hence, the EP produced by influenza virus appears to be different to these cytokines.
In humans, feve~ and other constitutional symptoms of influenza (headache, myalgia, listlessness, nausea, shivering, anorexia and depression) result from the action of an endogenous pyrogen (EP) produced by phagocytes in response to infection (Rawlins & Cranston, 1973; Scott et al., 1981; Dinarello & Wolff, 1982; Gander, 1982; Dinarello et al., 1988) . Influenza viruses vary in their ability to cause these constitutional effects; recent H 1N 1 isolates produced milder illness and lower fevers compared to those of H3N2 viruses (Kung et al., 1978; Wright et al., 1981; Frank et al., 1985) . In ferrets also, infection with an old [A/Puerto Rico/8/34 (PR/8)] and two recent [A/USSR/90/77 (A/USSR), A/Fiji/15899/83 (A/Fiji)] H1N1 human isolates produced lower fevers than those produced by two virulent H3N2 clones, 7a and 64c, of the reassortant virus A/England/939/69-A/PR/8 (Toms et al., 1977; Matsuyama et al., 1980; Coates et al., 1985) . In such intranasally infected ferrets, fever results from EP being liberated by a virusphagocyte interaction in the upper respiratory tract (URT) (Sweet et al., 1979) ; clones 7a and 64c released more EP from nasal inflammatory phagocytes than PR/8, A/USSR or A/Fiji (Tinsley et al., 1987a) .
This paper is concerned with the nature of the EP produced by influenza viruses which, like that in many infections, is not yet clear. Several known cytokines, interleukin 1 (IL-1), IL-6 and tumour necrosis factor (TNF), produce fever in humans and animals (Dinarello et al., 1988; Wong & Clark, 1988) . One or more of them may be the EP produced in influenza virus infection and the differences in fever produced by different strains 0000-9946 © 1991 SGM may reflect differential induction of the same or different cytokines; IL-1 and TNF are equally pyrogenic and more so than IL-6 (Dinarello et al., 1988; Bendtzen, 1988) . Supernatants from in vitro incubation of phagocytes from the nasal tract of febrile ferrets infected with virulent (H3N2) or attenuated (H1N1) influenza viruses, and those from human peripheral blood leukocytes incubated in vitro with similar viruses, were examined for: (i) fever production in ferrets (EP) and (ii) content of IL-1, IL-6 and TNF. The EP levels were then compared with the levels of cytokines.
The H3N2 clones 7a and 64c, of the A/England/ 939/69-PR/8 reassortant virus and the parental virus PR/8 (HIN1) have been described (Matsuyama et al., 1980; Sweet et al., 1974b) , as has the H1N1 virus A/Fiji (Coates et al., 1985) . Seed and working stocks were prepared in eggs and titrated in them or allantois-on-shell cultures (egg-bits) as described previously (Coates et al., 1985; Sweet et al., 1974a) ; titres are expressed as 50% egg-infectious dose (EIDso) or 50% egg-bit-infectious dose (EBID5o). High titre virus was prepared by high speed centrifugation and suspension of the virus pellet in RPMI 1640 medium as described previously (Tinsley et al., 1987a) except that polymyxin B (PMB) was omitted from the medium.
Adult ferrets, obtained from A. S. Roe (Barnham, U.K.), were kept on metal grids without sawdust to prevent contamination of nasal washes. Under ether anaesthesia, animals (three per virus strain) were inoculated intranasally with 6-0 loglo EBIDso of virus as described (Toms et al., 1976) . From 24 h post-infection, Short communication their rectal temperatures were recorded periodically without anaesthesia using a digital thermometer with a type K thermocouple (Radio Spares Components; accurate to 0.1 °C). Every 2 h from approximately 4 h prior to the fever peak as judged from previous experiments, infected nasal cells were obtained by flushing the anterior nares of each animal with 10 ml of Dulbecco's A phosphate-buffered saline (PBS) (Toms et al., 1977) . Cell suspensions were collected in siliconized (Sigmacote, Sigma) glassware to prevent cell attachment. Collection intervals were 4 h for PR/8-infected animals because of low numbers of inflammatory cells (Matsuyama et al., 1980) . Collection continued until the fevers peaked, 8 to 13 h after temperatures began to rise depending on the virus used. Samples (0.1 ml) of the washings (10 ml each) were taken for haemocytometer counts of total cells using crystal violet stain. Washings from individual animals were kept separate on ice until a total of > 6 × 106 cells/ml were obtained for each animal. Cells were then centrifuged (500 g, 10 min, 4 °C) and resuspended to a concentration of 6 x 106 cells/ml in saline (approximately 4 ml) containing 1000 units (U) PMB/ml (Sigma) to inhibit binding of endotoxin to the cells (Duff & Atkins, 1982) . Subsequent washings from the batch of ferrets were treated similarly.
The cell suspensions (6 × 106 cells/ml) from individual ferrets were then incubated at 37 °C for 2 h in a water bath and, after removal of cells by centrifugation (500 g, 15 min, 4 °C), supernatants were filter-sterilized (0.2 p.m membranes; Acrodisc; Gelman). Aliquots (0.5 ml) of the supernatants from the three ferrets infected with each virus strain were then pooled to give a final volume of 1.5 ml and frozen at -70 °C until they were assayed for EP by intracardial inoculation of ferrets under ether anaesthesia at a dose of 2-0 ml/kg. Rectal temperatures were monitored every 15 min over the duration of the fever and fever curves were constructed for rises in temperature above the pre-inoculation mean against time. Fever indices, which indicate levels of EP, were the mathematically calculated areas under the fever curves and were expressed in °Ch (Coates et al., 1986) . All glassware, materials and reagents were rendered endotoxin-free as described by Sweet et al., (1979) . The remainder of the samples from individual ferrets were kept apart and stored in 1 ml aliquots at -70 °C for assay of IL-1, IL-6 and TNF.
Human leukocytes, prepared from whole blood on Histopaque-lll9, were resuspended in RPMI 1640 medium to give 2 x 107 viable cells/ml, as described previously but with the omission of PMB (Tinsley et al., 1987b) . Infectious virus was added to 1 ml aliquots of ceils to give 100 EIDso/cell. After incubation for 1 h (or 2 h) in a water bath at 37 °C, the cells were sedimented (1000 g, 15 min, 22 °C) and the inoculum was removed. The cells were resuspended in RPMI 1640 at 37 °C and washed twice (10 ml RPMI 1640, 37 °C) before resuspension in 10 ml medium to give 2 x 106 cells/ml. After further incubation at 37 °C for 4 (5 and 6 h total incubation) or 18 h (19 h total incubation), the cells were sedimented (1000 g, 15 min, 22 °C) and the supernatant was removed, filtered through Minisart NML disposable syringe filters (0-2 p.m) (Sartorius Instruments) and stored at -70 °C. An uninoculated aliquot of cells was included as a control. To determine their EP and cytokine content, cells taken at 19 h post-inoculation were resuspended in 1 ml PBS and sonicated on ice for 30 s at 100 W output using a Rapidis Ultrasonicator with a 3 mm probe (Ultrasonics). The sonicated cells were then diluted in 10 ml RPMI 1640 to give the same concentration as the supernatants derived from them and stored at -70 °C. The supernatants and cell sonicates for EP assay were warmed to room temperature and injected intracardially into ferrets under ether anaesthesia at a dose of 2-0 ml/kg (see above).
Cytokine bioassays were carried out on the supernatants from nasal cells of individual ferrets by published methods. IL-1 levels were measured by the method of Gearing et al. (1987) using a subclone, NOB-l, of the mouse EL-4 cell line which constitutively produces very little IL-2 but, in response to IL-1, produces high concentrations of IL-2. When used in conjunction with a cytotoxic T cell line (CTLL) and incorporation of a 3 h pre-incubation step followed by thorough washing of the EL-4 cells, responses were specific for IL-1. IL-2 was assayed by measuring DNA synthesis in the IL-2responsive CTLL cell line by increased incorporation of [3H]thymidine into DNA as described previously (Gearing et al., 1985) . IL-6 was measured specifically using the murine hybridoma cell line B9, which is unresponsive to IL-1 (Helle et al., 1988) . Cytotoxicity for the murine fibroblast L929 line (Spofford et al., 1974) was used to assay TNF from ferret cells and an ELISA (Meager et al., 1987) was used for TNF from human cells; an internal Table 2 standard was included in each assay. Results are quoted in pg/ml for IL-1 and IL-6 and in units/ml for TNF. Levels of EP (fever indices) produced in supernatants from nasal inflammatory exudate cells derived from febrile ferrets infected with virulent (clones 7a or 64c) or attenuated (A/Fiji or PR/8) viruses are shown in Table 1 . As reported previously (Tinsley et al., 1987a) , the virulent viruses induced more EP than the attenuated viruses. Of the three cytokines examined as possibilities for EP, only IL-1 and IL-6 could be detected in culture supernatants ( Table 1) . Levels of these varied between ferrets but none correlated with the corresponding EP levels. Samples showing high febrile responses in ferrets could contain high (e.g. clone 64c) or low (e.g. clone 7a) IL-1 and/or IL-6 levels or vice versa (clone 7a higher than clone 64c) (Table 1) . Similarly, samples of A/Fiji and PR/8 with low EP levels contained high IL-1 and IL-6 levels (Table 1) . TNF was not released from nasal exudate cells obtained from febrile ferrets nor if such cells were incubated with bacterial endotoxin (0-05, 0.5 or 5 ~tg) in vitro. On the other hand, TNF was detected when ferret peripheral blood leukocytes were incubated in vitro with endotoxin for 30 min at 37 °C followed by a further 4 h incubation after removal of the endotoxin; 0-05, 0.5 and 5 ~tg endotoxin elicited 0.24, 0.68 and 3.52 units/ml TNF, respectively. Thus, ferret TNF is detectable in the bioassay underlining that little or no TNF occurs in nasal wash samples with high levels of EP.
. Levels of EP (fever index), IL-1, 1L-6 and TNF in supernatants and cell extracts from human peripheral blood leukocytes at various times following incubation with influenza viruses
It was possible that the lack of correlation between EP and individual cytokine levels reflected poor sensitivity of the cytokine assays for ferret cytokines. Therefore, experiments were also carried out with EP and cytokines produced by human peripheral blood leukocytes in vitro (Table 2 ) because it is known that all the assays are sensitive to human cytokines. Again, fever indices produced by supernatants from virulent clone 7a were greater than those produced by attenuated strain A/Fiji and did not vary with the time of incubation of the cells. In contrast, the amount of all cytokines (IL-I, IL-6 and TNF) increased with increasing time of incubation from 5 to 19 h and there were no significant differences in the amount of cytokines elicited by the two viruses or any correlation between the amount of any one cytokine and the level of EP in the same sample.
In febrile diseases all three pyrogenic cytokines (IL-1, IL-6 and TNF) must be considered, either alone or together, as potential mediators of the fever. Bioassays were used to measure the ferret cytokines because immunological reagents, comparable to those used in the more specific immunologically based assays of human and murine cytokines, were not available. Apart from immunological detection of TNF, the bioassays were also used to assay the products from human cells, to retain a parallelism with the products from ferret cells. The bioassays have an advantage in being more sensitive than the respective immunoreactive assays (Dinarello et al., 1988) . However, they have their problems; they do not readily distinguish between different cytokines (Bendtzen, 1988) and synergism between them can occur. For example, IL-1 induces production of TNF and IL-6 and TNF induces IL-1 activity (Van Damme et al., 1985; Dinarello et al., 1986 Dinarello et al., , 1987 Dinarello et al., , 1988 and assays for Short communication measurement of IL-1 activity may be complicated by IL-2 in the sample. In the current experiments, a cell line, NOB-l, was used which is not responsive to IL-2 (Gearing et al., 1987) . The lack of IL-2 in the samples (data not shown) also indicates that it is not confusing the measurement of IL-1. The recently described IL-6 could also affect the bioassay of IL-1 (Bendtzen, 1988) but the NOB-1 cell line is also unresponsive to IL-6. Also, IL-6 levels, measured specifically, were low in these samples and did not correlate with the levels of either IL-1 or EP. TNF was not detectable in the nasal samples but this was not due to insensitivity of the assay as indicated by its detection after ferret peripheral blood leukocytes had been stimulated with bacterial endotoxin. In addition, TNF activity is not regarded as being species-specific (Le & Vilcek, 1987) .
As reported previously (Tinsley et al., 1987a) , nasal inflammatory cells from ferrets infected with virulent viruses produced more EP than cells from animals infected with attenuated viruses (Table 1) . Only IL-1 and IL-6 could be detected in the supernatants from these cells but there was no correlation with EP activity; indeed the attenuated viruses produced as much of these cytokines as the virulent viruses (Table 1) . TNF could not be detected in these supernatants in contrast to previous reports of its production, together with IL-1, from macrophages following interaction with influenza virus both in vitro and in vivo in bronchoalveolar washings from mice (Houde & Arora, 1989; Pathki & Polasa, 1987; Vacheron et al., 1990) . The lack of demonstrable levels of TNF in nasal washings from ferrets but its presence in bronchoalveolar lavage washings from mice is interesting. Several factors could contribute to this difference. First, it is evident from the in vitro experiments with human peripheral blood leukocytes that both clone 7a and A/Fiji are capable of inducing TNF activity so it is unlikely that the lack of TNF production in vivo is due to an inherent inability of these viruses to induce production of this cytokine. Second, it is possible that the difference in TNF production reflects the different cellular composition of bronchoalveolar and nasal washes, the former being largely mononuclear and the latter predominantly polymorphonuclear phagocytes. Third, the experiments in mice were performed with a lethal dose of mouseadapted virus administered by aerosol, which produces a lower respiratory tract infection and pneumonia. In contrast, ferrets were inoculated intranasally under anaesthetic with unadapted viruses and, like humans, suffered a predominantly URT infection. Thus, differences in TNF production in the two models may result from the different severity of disease. Additional experiments with mice inoculated with our unadapted viruses are needed to clarify this situation. However, they could not add to our knowledge of the role of cytokines in fever because mice do not produce fever and, from our previous observations on the origin of fever in ferrets, it is the release of EP from inflammatory phagocytes in the URT not the lower respiratory tract that is important (Sweet et al., 1979; Tinsley et al., 1987a) .
EP levels resulting from the interaction of human peripheral blood leukocytes with the virulent clone 7a were greater than those resulting from the attenuated A/Fiji (Tinsley et al., 1987b) ./L-I, IL-6 and TNF were generated from the human cells but, in contrast to the EP, levels increased with the time of incubation of the infected cells. As for the ferret cells, there was no correlation between the levels of the cytokines and the levels of EP and, indeed, similar levels of the former were found with both the virulent and attenuated viruses whereas different amounts of EP were evident.
It is concluded that the EP produced by both ferret and human phagocytes on interaction with influenza virus is not IL-1, IL-6 or TNF. What then is the molecular identity of EP ? Interferons are pyrogenic but generally less so than the other cytokines (Dinarello et al., 1988) and only low levels of interferon have been detected in nasal washings from ferrets infected with influenza virus (Husseini et al., 1981) . Clearly there is reason to search for other molecules, such as granulocyte-macrophage colony-stimulating factor (Dinarello et al., 1988) or macrophage inflammatory protein-1 (Davatelis et al., 1989) to explain the fever produced by influenza virus.
